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(57) Abstract: A method utilizes sputter transport techniques to produce arrays or layers of self-forming, self-oriented columnar 
structures characterized as discrete, single-crystal Group III nitride posts or columns on various substrates. The columnar structure 
is formed in a single growth step, and therefore docs not require processing steps for depositing, patterning, and etching growth 
masks. A Group DI metal source vapor is produced by sputtering a target, for combination with nitrogen supplied from a nitrogen- 
containing source gas. The Ul/V ratio is adjusted or controlled to create a Group III metaJ-rich environment within the reaction 
chamber conducive to preferential column growth. The reactant vapor species are deposited on the growth surface to produce single 
crystal M in N columns thereon. The columns can be employed as a strainrelieving platform for the growth of conlinous, low defect- 
density, bulk materials. Additionally, the growth conditions can be readjusted to effect columnar epitaxial overgrowth, wherein 
coalescence of the Group 111 nitride Material occurs at the tops of the columns, thereby forming a substantially continuous layer 
upon which additional layers can be deposited. The intervening presence of the column structure mitigates thermal mismatch stress 
between substrates, films., or other layers above and below the columns. A high deposition rale sputter method utilizing a non- 
thermionic electron/plasma injector asssembly is provided to carrying out one or more of the growth steps. 
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Description 

METHOD AND APPARATUS FOR PRODUCING M n, N COLUMNS AND 
M n, N MATERIALS GROWN THEREON 



5 Technical Field 

The present invention is generally directed to the production of Group III 
metal nitride materials for use as free-standing articles as well as substrates for 
further processes and/or microelectronic and optoelectronic devices. In 
particular, the present invention is directed to the production of low-defect 
10 density single-crystal materials grown from a strain-relieving layer of single- 
crystal columns, utilizing enhanced sputtering techniques. 



Background 

A wide variety of techniques exist for depositing thin films onto 

15 substrates in order to achieve desirable properties which are either different 
from, similar to, or superior to the properties of the substrates themselves. 
Thin films are employed in many kinds of optical, electrical, magnetic, chemical, 
mechanical and thermal applications. Optical applications include 
reflective/anti-reflective coatings, interference filters, memory storage in 

20 compact disc form, and waveguides. Electrical applications include insulating, 
conducting and semiconductor devices, as well as piezoelectric drivers. 
Magnetic applications include memory discs. Chemical applications include 
barriers to diffusion or alloying (e.g., galling), protection against oxidation or 
corrosion, and gas or liquid sensors. Mechanical applications include 

25 tribological (wear-resistant) coatings, materials having desirable hardness or 
adhesion properties, and micromechanics. Thermal applications include barrier 
layers and heat sinks. 

Bulk materials can be used as substrates upon which microelectronic 
and optical devices are fabricated. Wide bandgap semiconductor materials 

30 such as gallium nitride, aluminum nitride, indium nitride and their alloys are 
being studied for their potential application in microelectronics and opto- 
electronics. These materials are particularly well suited for short wavelength 
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optical applications, such as green, blue and UV light emitting devices (LEDs 
and LDs), and visible and solar-blind UV detectors. The use of UV or blue 
GaN-based LEDs makes possible the fabrication of solid state white light 
sources, with higher efficiencies and lifetimes 10 to 100 times longer than 
5 conventional sources. Additionally, GaN has a region of negative differential 
mobility with a high peak electron velocity and high-saturated velocity, which 
can be used for fabricating high-speed switching and microwave components. 
P-type doping of GaN and AIGaN with relatively high hole concentrations is 
now readily achieved, and ohmic and Schottky contacts have been 

10 characterized for n- and p-type materials. Thus, many of the above devices 
have or potentially have large, technologically important markets. Such 
markets include display technology, optical storage technology, and space- 
based communications and detection systems. Other applications include high 
temperature microelectronics, opto-electronic devices, piezoelectric and 

1 5 acousto-optic modulators, negative-electron affinity devices and radiation/EMP 
hard devices for military and space uses. 

Attempts to grow low-defect density gallium nitride (GaN) thin films 
heteroepitaxially on substrates such as sapphire and silicon carbide (SiC) have 
had limited success. GaN materials heteroepitaxially grown on these 

20 substrates suffer from large concentrations of threading defects, typically on 
the order of 

10" 8 - 10" 10 cm" 2 , due to the large lattice mismatch between the film and 
substrate. Threading defects increase leakage currents in diode and FET 
structures and act as a significant source of noise in photodetectors. As a 

25 result, the operation of high performance devices, such as high-speed, high- 
sensitivity UV photodetectors, and high power, high frequency microelectronic 
devices, is presently limited. Buffer layers of AIN, GaN, and other materials 
have been used to reduce the lattice mismatch. However, threading defects 
and low angle grain boundaries remain in the films. Differences between the 

30 film and substrate thermal expansion coefficients also result in stresses in the 
films. 
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Accordingly, homoepitaxial growth of GaN thin films on bulk GaN 
substrates is of great interest. The use of GaN substrates would eliminate the 
problems due to lattice mismatch and thermal expansion mismatch. 
Unfortunately, the availability of GaN substrates has been limited due to 
5 conventional processing capabilities. This problem has hindered the 
development of devices based on GaN and related nitride semiconductors. 
Several obstacles exist to the successful manufacturing and commercializing of 
high device-quality Group III nitride-based materials, whether in bulk, single- 
crystal, polycrystalline or epitaxial form, for electronics and other applications. 

10 These obstacles generally include cost, reproducibility, and purity. 

For instance, gallium nitride has a high equilibrium vapor pressure of 
nitrogen that results in its decomposition at elevated temperatures. The 
solubility of nitrogen in gallium metal at room temperature and pressure is very 
low. As a result, conventional crystal growth methods to produce GaN are not 

15 practical. This has led to the development of several alternate bulk growth 
methods, including high-temperature, high-pressure (15 kbar) solution growth, 
evaporation, and sublimation. 

Currently, aluminum nitride and gallium nitride exist only as 
polycrystalline or powder forms, or in thin films. Polycrystalline bulk aluminum 

20 nitride can be manufactured using powder processing techniques. This 
process has not yielded semiconductor-grade single crystal material. 
Formidable problems are associated with such techniques, beginning with the 
production of pure aluminum nitride powders and then the sintering of oxygen- 
free and defect-free aluminum nitride. Some of these problems include the 

25 production of both high-purity and uniform particle-size powders. The highest 
purity powders can contain up to 1 % of oxygen and binders, such as Y 2 0 3 , that 
are needed to produce aluminum nitride with a high density. Therefore,. high 
density is achievable at the expense of contamination. Sintering of these 
aluminum nitride powders is also a difficult process. The covalent nature of 

30 aluminum nitride prevents densification of pure aluminum nitride at low 
temperatures. Aluminum nitride decomposes at high temperatures, such as 
above 1 600 ° C, thereby preventing densification. Hence, costly sintering aids 
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such as high pressures and impurities are required for producing high-density 
material. Other problems associated with powder processing of aluminum 
nitride include maintaining the purity and integrity of the powder, controlling the 
environment at high sintering temperatures, and the production of defect-free 
5 parts. Aluminum nitride is very difficult to manufacture using powder 
processing techniques without introducing contamination that will have adverse 
effects on the optical and thermal properties of the material. These impurities 
can be present in the crystalline lattice structure, and can migrate to the grain 
boundaries during sintering, causing the infrared absorbance to be high. 

10 Various masking techniques have been explored in conjunction with 

lateral epitaxial overgrowth (LEO) and selective area growth (SAG) techniques 
in search of improved methods for fabricating low-defect density gallium nitride 
crystal layers. For example, U.S. Patent No. 6, 1 53,01 0 discloses a method for 
growing nitride semiconductor crystals. A nitride buffer layer is first grown on a 

1 5 substrate using gaseous Group III element and nitrogen sources (e.g., MOVPE, 
MBE, or HVPE). Using a vapor-phase technique and photolithography, an 
oxide selective growth mask is formed on the underlayer. The mask is 
configured as discrete stripes so that areas of the buffer layer remain exposed. 
Nitride semiconductor material portions are then grown on these exposed 

20 areas using gaseous Group III element and nitrogen sources. When such 
growth exceeds the upper ends of the mask stripes, the semiconductor material 
grows laterally on the mask stripes. Continued vertical growth results inthe 
material portions combining to form an integral nitride semiconductor crystal. 
This process can be repeated to grow a second integral nitride semiconductor 

25 crystal from a second selective growth mask formed on the first integral nitride 
semiconductor crystal. In another disclosed embodiment, a nitride 
semiconductor layer is deposited on the substrate/buffer layer, and recesses 
are etched into the semiconductor layer. A first growth control mask is formed 
on the remaining top surfaces of the semiconductor layer, and a second growth 

30 control mask is formed in the respective bottom surfaces of the recesses. 
Nitride semiconductor material portions are then grown in the recesses by a 
vapor-phase technique that relies on gaseous Group III element and nitrogen 
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sources. This is followed by lateral growth and the formation of an integral 
nitride semiconductor crystal. 

In view of the state of the art as described hereinabove, it would be 
advantageous to provide a method and apparatus for growing device-quality 
5 nitride material without the need for masking and etching procedures. 

As disclosed hereinbelow, it has now been discovered that enhanced 
sputtering techniques, which are physical vapor deposition (PVD) techniques, 
can be feasibly utilized to produce low-defect density Group III metal nitride 
materials of bulk thickness and of device-quality crystal, and thus utilized as 

1 0 part of methods of the invention disclosed hereinbelow. Magnetron sputtering 
is traditionally associated with thin film deposition. An advantage of sputter 
synthesis is that high purity compounds can be formed directly from the high 
purity source materials. Moreover, the synthesis can be achieved under highly 
controlled conditions. Nitrogen and Group III metals such as aluminum are 

15 readily available, from multiple sources, in ultra-high purity grades (e.g., 
99.9999%) for the microelectronics industry. Sputter synthesis is currently the 
process that most effectively eliminates hydrogen from the bulk, since the 
sputter environment is controllable to ultra-high vacuum conditions. Through 
sputter synthesis of Group III nitrides, it is possible to obtain materials that have 

20 properties near the bulk properties. Since this takes place under ultra-high 
vacuum conditions, hydrogen and oxygen can be eliminated from the material. 
Reactive sputtering has the advantage of producing high purity materials with 
high densities, and ease of fabrication of quality crystalline material. 

However, traditional magnetron sputtering has several drawbacks, which 

25 has made it very difficult to produce bulk materials. These drawbacks include 
unwanted target reactions, transport limitations, and low growth rates. During 
reactive magnetron sputtering, micro-arcs can occur on the cathode surface 
which cause imperfections in the deposited material. Another problem 
associated with this process is the "disappearing anode" effect, in which the 

30 entire anode becomes covered by randomly grown insulating layers. Also 
related to this process is the problematic formation of an insulating nitride layer 
on the target surface that increases the impedance of the cathode until the 
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target becomes "poisoned" or completely insulating. This results in a drastic 
decrease in deposition rates to almost zero when the target becomes too 
nitrided to operate. Materials transport can also be a problem in bulk crystal 
growth using magnetron sputtering since there can be a significant loss of 
5 material to the sidewalls. 

The present invention is provided to address these and other problems 
associated with the growth of thin films and bulk materials. 

Disclosure of the Invention 

1 0 The present invention provides a method that utilizes sputter transport 

techniques to produce arrays or layers of self-forming, self-oriented columnar 
structures characterized as discrete, single-crystal Group III nitride posts or 
columns on various substrates. This columnar structure is formed in a single 
growth step, and therefore does not require processing steps for depositing, 

15 patterning, and etching growth masks. Characterization of such structures 
reveals discrete Group III nitride columns exhibiting a hexagonal crystal habit. 
Pursuant to the invention, the columns can be grown several tens of microns 
thick while maintaining the average column size. In some embodiments of the 
invention, the columns are advantageously employed as a starting structure for 

20 the growth of continuous, low defect-density, bulk materials. In a process 
termed herein as columnar epitaxial overgrowth (CEO), the highly oriented 
columnar structure is grown on a substrate or template material and, 
subsequently, the growth conditions are changed to effect coalescence of the 
Group 111 nitride material at the tops of the columns. As a result, a bulk crystal 

25 is grown on the columnar base structure in a single growth run. The bulk 
crystal has a distinct advantage over the conventional growth of layers directly 
on a substrate, in that the thermal mismatch stress between the bulk crystal 
and the substrate is mitigated by the intervening presence of the column 
structure. This, in turn, greatly reduces the degree of cracking and bowing in 

30 the resulting multi-layered structure, and eases post-growth processing. The 
crystal quality of the bulk crystal grown on the columns is characterized as 
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being superior to or at least equivalent to Group III nitride layers grown directly 
on a substrate such as sapphire. 

According to one method of the present invention, single-crystal M m N 
columns are produced. A template material having an epitaxial-initiating growth 
5 surface is provided. A Group IN metal target in a plasma-enhanced reaction 
chamber is sputtered to produce a Group III metal source vapor. A nitrogen- 
containing gas is introduced into the reaction chamber. The MA/ ratio of Group 
III metal source vapor to nitrogen is adjusted to create a Group III metal-rich 
environment within the reaction chamber conducive to preferential column 

10 growth. The Group III metal source vapor is combined with the nitrogen- 
containing gas to produce a reactant vapor species comprising Group III metal 
and nitrogen. The reactant vapor species are deposited on the growth surface 
to produce single-crystal M M, N columns thereon. 

The growth temperature is within a range of approximately 400 °C to 

1 5 approximately 1 200 °C and, more preferably, within a range of approximately 
600 °C to approximately 1000 °C. 

In one aspect of the method, the reactant vapor species are deposited 
directly on the growth surface. In an alternative aspect, an intermediate layer is 
deposited on the growth surface prior to depositing the reactant vapor species. 

20 Preferably, the columns have an average thickness that is greater than that of 
the intermediate layer. Additionally, the columns have an defect density lower 
than that of the intermediate layer and the template material. 

Preferably, the columns grown according to the invention have an 
average thickness of approximately 0.5 micron or greater, and a defect density 

25 of 1 0 8 defects per cm 2 or less. 

According to another method of the invention, the WIN ratio is readjusted 
to create an environment within the reaction chamber that is conducive to 
columnar epitaxial overgrowth, such that continued deposition of the reactant 
species on the growing M ,M N columns results in the upper regions of the 

30 columns coalescing so as to form a substantially continuous, single-crystal 
M m N layer. Preferably, this M m N layer has a lower defect density than th.at of 
the columns. 
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According to yet another method of the invention, M n, N layer on the 
columns is used as a buffer or transition layer for the growth of a bulk, single- 
crystal homoepitaxial or heteroepitaxial M ,M N article. 

A broad range of techniques can be employed for growing any 
5 intermediate layer or M MI N article according to the methods of the invention, 
including physical vapor deposition, sputtering, molecular beam epitaxy, 
atmospheric chemical vapor deposition, low pressure chemical vapor 
deposition, plasma-enhanced chemical vapor deposition, metallorganic 
chemical vapor deposition, evaporation, sublimation, and hydride vapor phase 
10 epitaxy. 

According to one embodiment of the invention, a single-crystal column is 
produced according to methods described herein. Preferably, the column has 
a height of approximately 0.5 micron or greater, a lateral dimension of 
approximately 0.05 micron or greater, and a defect density of approximately 

15 1 0 8 defects per cm 2 or less. 

According to yet another method of the invention, a single-crystal M H, N 
article is produced. A template material having an epitaxial-initiating growth 
surface is provided. A Group III metal target is sputtered in a plasma-enhanced 
reaction chamber to produce a Group III metal source vapor. A nitrogen- 

20 containing gas is introduced into the reaction chamber. The IIIA/ ratio of Group 
III metal source vapor to nitrogen-containing gas is adjusted to create a Group 
III metal-rich environment within the reaction chamber conducive to preferential 
column growth. The Group III metal source vapor is combined with the 
nitrogen-containing gas to produce a reactant vapor species comprising Group 

25 III metal and nitrogen. The reactant vapor species is deposited on the growth 
surface to produce single-crystal M m N columns thereon. A bulk, single-crystal 
M m N article is grown on the M n, N columns. 

Preferably, the M I,! N article has a thickness ranging from approximately 1 
micron to greater than 1 mm, and a diameter ranging from approximately 0.5 

30 inch to approximately 1 2 inches. 

According to still another method of the invention, the M m N article is 
released to provide a free-standing, single-crystal M m N article. The removal 
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technique utilized can be, for example, of polishing, chemomechanical 
polishing, laser-induced liftoff, cleaving, wet etching, and dry etching. 

According to a further method of the invention, a wafer is cut from the 
M m N article. A surface of the wafer can be prepared for epitaxial growth, such 
5 as by polishing, and an epitaxial layer can then be grown on the prepared 
surface. 

According to a still further method of the invention, a device or 
component is fabricated on the M n, N article. 

According to another embodiment of the invention, a bulk, single-crystal 
1 0 M m N article is produced by one of the above-described methods. Preferably, 
the M m N article has a diameter ranging from approximately 0.5 inch to 
approximately 12 inches and a thickness of approximately 50 microns or 
greater. 

According to yet another embodiment of the invention, the article is 

1 5 produced in the form of a wafer having a thickness ranging from approximately 
50 microns to approximately 1 mm. 

According to still another embodiment of the invention, the article is 
produced in the form of a boule having a diameter of approximately 2 inches or 
greater and a thickness ranging from approximately 1 mm to greater than 

20 approximately 1 00 mm. 

Methods of the present invention can be implemented by providing a 
novel sputter material transport device to enhance thin-film and bulk material 
manufacturing processes. The novel transport device is capable of ultra-high 
deposition and growth rates, making it feasible for growing thick material and 

25 increasing throughput in manufacturing processes. The transport device can 
be used both to grow bulk crystalline materials and to deposit thin films and 
epitaxial layers onto bulk substrates. Generally, as compared to other sputter 
processes, the transport device of the present invention has the advantages of 
lowered processing pressure, higher deposition rates, higher ionization 

30 efficiency, and a controlled processing environment with no contamination. 
The transport device utilizes an enhanced sputtering process to rapidly deposit 
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both metallic and dielectric materials. This enhancement allows the process to 
overcome the limitations of conventional PVD techniques. 

The transport device according to the present invention can achieve 
growth rates in excess of ten times those achieved by any other direct 
5 deposition process. As currently tested, the device is capable of depositing 
single or polycrystalline material at a rate in excess of approximately 60 ^m/hr. 
This high deposition rate allows for high throughput capabilities and the 
possibility of manufacturing bulk materials in short time periods. The device 
has increased growth rates due to the very high ionization efficiencies, which 

10 enhances the sputtering process without "poisoning" the sputtering material. 
The ability to deposit material at high deposition rates will have many 
commercial applications, including high-throughput manufacturing processes of 
thick films of exotic materials. Moreover, high-quality material can be deposited 
in a cost-effective manner. It is also projected that the device will aid in the 

1 5 commercialization of bulk dielectric and semiconductor materials and will have 
numerous applications to other materials. 

The transport device according to the invention surpasses present 
technology by offering a non-contaminating method, as implemented by a 
triode sputtering device, to increase the ionization efficiency and hence the 

20 overall deposition rate. The device also has the advantage of a cooler 
operating temperature than a thermionic hollow cathode configuration, allowing 
the injector means of the device to be composed of low-temperature materials, 
and thus can apply to a broad range of materials as compared to conventional 
processes. The transport device can increase the deposition rate of the target 

25 material and lower the sputtering pressure, thereby enabling a line-of-sight 
deposition process. 

The transport device is capable of growing bulk material such as 
aluminum nitride and other Group III nitrides and also is capable of depositing 
metal in deep trenches for the semiconductor industry. 

30 According to the present invention, the transport device includes a 

magnetron source and a non-thermionic electron (or, in effect, a plasma) 
injector assembly to enhance magnetron plasma. Preferably, the 
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electron/plasma injector assembly is disposed just below the surface of a 
cathode target material, and includes a plurality of non-thermionic, hollow 
cathode-type injector devices for injecting electrons into a magnetic field 
produced by a magnetron source. The injector can be scaled in a variety of 
5 configurations (e.g., circular or linear) to accommodate various magnetron 
shapes. When provided in the form of a circular ring, the injector includes 
multiple hollow cathodes located around the inner diameter of the ring. 

The transport device constitutes an improvement over previously 
developed hollow cathode enhanced magnetron sputtering devices, in that the 

1 0 device of the present invention is a non-thermionic electron emitter operating 
as a "cold" plasma source and can be composed of the same material as its 
sputtering target. The injector can be manufactured out of high-purity metals 
(e.g., 99.9999%), thereby eliminating a source of contamination in the growing 
film. The addition of the injector to the magnetron sputtering process allows 

15 higher deposition rates as compared to rates previously achieved by 
conventional magnetron sputtering devices. Moreover, the transport device 
takes advantage of the hollow cathode effect by injecting electrons and plasma 
into the magnetic field to increase plasma densities without the contamination 
problem associated with a traditional, thermionic-emitting tantalum tip. As 

20 disclosed above, the transport device is further characterized by a decreased 
operating pressure and an increased ionization rate over conventional 
magnetron sputtering. 

Therefore, according to another method of the present invention, single- 
crystal M m N columns are produced by using a sputtering apparatus comprising 

25 a non-thermionic assembly disposed in a reaction chamber to produce a Group 
III metal source vapor electron/plasma injector from a Group III metal target. A 
nitrogen-containing gas is introduced into the reaction chamber. The MA/ ratio 
of Group III metal source vapor to nitrogen is adjusted to create a Group III 
metal-rich environment within the reaction chamber that is conducive to 

30 preferential column growth. The Group III metal source vapor is reacted with a 
nitrogen-containing gas to produce a reactant vapor species comprising Group 
III metal and nitrogen. The reactant vapor species is deposited on the growth 
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surface of the template material to produce single-crystal M ln N columns 
thereon. 

The sputter transport device comprises a sealable or evacuable, 
pressure controlled chamber defining an interior space, a target cathode 
5 disposed in the chamber, and a substrate holder disposed in the chamber and 
spaced at a distance from the target cathode. The target cathode is preferably 
bonded to a target cathode holder and negatively biased. A magnetron 
assembly is disposed in the chamber proximate to the target cathode. A 
negatively-biased, non-thermionic electron/plasma injector assembly is 

10 disposed between the target cathode and the substrate holder. The injector 
assembly fluidly communicates with a reactive gas source and includes a 
plurality of hollow cathode-type structures. Each hollow cathode includes an 
orifice communicating with the interior space of the chamber. 

According to one aspect of the present invention, the electron/plasma 

15 injector assembly is adapted for non-thermionically supplying plasma to a 
reaction chamber. The injector assembly comprises a main body and a 
plurality of replaceable or interchangeable gas nozzles. The main body has a 
generally annular orientation with respect to a central axis, and includes a 
process gas section and a cooling section. The process gas section defines a 

20 process gas chamber and the cooling section defines a heat transfer fluid 
reservoir. The gas nozzles are removably disposed in the main body in a radial 
orientation with respect to the central axis and in heat transferring relation to 
the heat transfer fluid reservoir. Each gas nozzle provides fluid communication 
between the process gas chamber and the exterior of the main body. 

25 . Methods of the invention entailing the use of the non-thermionic 

electron/plasma injector assembly can be utilized to grow a bulk, single-crystal 
IVi'Vl article on the M M, N columns. The M in N article can be released to provide 
a free-standing article. 

In conjunction with any of the methods of the present invention, microelectronic 
30 or optoelectronic devices and/or components can be fabricated on the M m N 
layers or articles, or on any additional layer grown on the M n, N layers or articles. 
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It is therefore an object of the present invention to provide a method for 
fabricating single-crystal Group III nitride layers or arrays of columns 
characterized by, among other advantageous properties, low defect density 
and high degree of orientation. 
5 It is another object of the present invention to provide such columnar 

structures as strain-relieving buffer or transition layers or seed crystals for the 
growth of additional low-defect density Group III materials thereon. 

It is yet another object of the present invention to provide a novel sputter 
material transport method and device capable of ultra-high deposition and 
10 growth rates of low-defect density, strain-relieving Group III nitride column 
structures and layers or articles on such structures. 

Some of the objects of the invention having been stated hereinabove, 
other objects will become evident as the description proceeds when taken in 
connection with the accompanying drawings as best described hereinbelow. 

15 

Brief Description of the Drawings 
Figure 1 is a side elevation view of a heterostructure that includes a 
layer of single-crystal columns produced in accordance with the present 
invention; 

20 Figure 2 is a perspective view of the heterostructure illustrated in Figure 

1 without an intermediate or buffer layer shown; 

Figure 3 is a perspective view of a Group III nitride crystal column grown 
according to the present invention; 

Figure 4 is a perspective view of the heterostructure illustrated in Figure 
25 2, showing a layer grown by columnar epitaxial overgrowth and a bulk article 
grown on the overgrowth layer in accordance with the present invention; 

Figure 5 is a side elevation of a free-standing, bulk article produced 
according to the present invention; 

Figure 6A is a side elevation view of the heterostructure illustrated in 
30 Figure 4 with a device fabricated thereon; 

Figure 6B is a side elevation view of the bulk crystal illustrated in Figure 
5 with a device fabricated thereon; 
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Figures 7A, 7B, and 7C are scanning electron microscope (SEM) 
micrographs in top plan view showing columnar structures grown in accordance 
with the present invention; 

Figures 8A, 8B, and 8C are scanning electron microscope (SEM) 
5 micrographs in cross-sectional view showing columnar structures grown in 
accordance with the present invention; 

Figure 9 is a transmission electron microscope (TEM) micrograph in 
cross-section view showing an upper portion of columnar structures grown in 
accordance with the present invention; 
10 Figures 10A t 10B, and 10C are scanning electron microscope (SEM) 

micrographs in cross-sectional view showing columnar structures grown on a 
continuous layer, followed by growth of another continuous layer on the 
columnar structures, in accordance with the present invention; 

Figures 11A and 11B are (0002) w scans comparing a continuous 
1 5 gallium nitride layer and a columnar gallium nitride layer, respectively, produced 
according to the invention; 

Figures 1 2A and 1 2B are comparative pole plots of the (1012) planes of 
a continuous gallium nitride layer and a columnar gallium nitride layer, 
respectively, produced according to the invention; 
20 Figure 13 is a schematic view of a novel sputter transport device 

according to one embodiment of the present invention; 

Figure 14A is a top plan view of an electron/plasma injector assembly 
provided according to one embodiment of the present invention; 

Figure 14B is a cut-away vertical cross-sectional view of the injector 
25 assembly illustrated in Figure 14A taken along line 14B-14B thereof; 

Figure 15 is a schematic view of a novel sputter transport device 
according to a further embodiment of the present invention; 

Figure 16 is a perspective view of an electron/plasma injector assembly 
according to another embodiment of the present invention; 
30 Figure 17 is a top plan schematic view of the injector assembly 

illustrated in Figure 16; 
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Figure 17A is a vertical cross-sectional view of the injector assembly 
illustrated in Figure 17 taken along line 17A-17A thereof; 

Figure 17B is a vertical cross-sectional view of the injector assembly 
illustrated in Figure 17 taken along line 17B-17B thereof; 
5 Figure 18A is another perspective view of the injector assembly 

illustrated in Figure 16; 

Figure 18B is a top plan view of the injector assembly illustrated in 
Figure 16; 

Figure 19 is a perspective view of the injector assembly illustrated in 
10 Figure 16 showing the operation thereof and an exemplary electron/plasma 
injection pattern; 

Figure 20 is a plot comparing the source performance of a transport 
device provided according to the present invention and that of a conventional 
magnetron source; 

1 5 Figure 21 is a perspective view of a rectangular magnetron source which 

can be employed in combination with the present invention; 

Figure 22 is a schematic view of a novel sputter transport device 
according to an additional embodiment of the present invention; and 

Figure 23 is a schematic view of a novel sputter transport device 
20 according to a yet another embodiment of the present invention. 

Detailed Description of the Invention 
For purposes of the present disclosure, it will be understood that when a 
given component such as a layer, region or substrate is referred to herein as 

25 being disposed or formed "on" another component, that given component can 
be directly on the other component or, alternatively, intervening components 
(for example, one or more buffer or transition layers, interlayers, electrodes or 
contacts) can also be present. It will be further understood that the terms 
"disposed on" and "formed on" are used interchangeably to describe how a 

30 given component is positioned or situated in relation to another component. 
Hence, the terms "disposed on" and "formed on" are not intended to introduce 
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any limitations relating to particular methods of material transport, deposition, 
or fabrication. 

The terms "M m N" "M m nitrides," and "Group III nitrides" are used herein 
to describe binary, ternary, and quaternary Group III nitride based compounds 
5 such as aluminum nitride, gallium nitride, indium nitride, aluminum gallium 
nitride, indium gallium nitride and aluminum indium gallium nitride, and alloys 
thereof, with or without added dopants or other intentional impurities, as well as 
all possible crystalline structures and morphologies, and any derivatives or 
modified compositions thereof. 

1 0 Terms relating to crystallographic orientations, such as Miller indices and 

angles in relation to the plane of a layer of material, are intended herein to 
cover not only the exact value specified (e.g., (116), 45° and so on) but also 
any small deviations from such exact value that might be observed. 

As used herein, the term "epitaxy" generally refers to the formation of a 

15 single-crystal film structure on top of a crystalline substrate. Epitaxy can be 
broadly classified into two categories, namely homoepitaxy and heteroepitaxy. 
In the case of homoepitaxy, the film and the underlying substrate have the 
same structural relationships. Reasons for extending the substrate through the 
deposition thereon of an epitaxial film layer, or "epilayer," of the same 

20 composition include the observations that the epitaxial layer (1) is typically 
much more free of defects as compared to the substrate, (2) is typically purer 
than the substrate, and (3) can be doped independently of the substrate. The 
respective lattice parameters of the epilayer and substrate are perfectly 
matched, with no interfacial bond straining. 

25 In heteroepitaxy, on the other hand, the film and substrate have different 

compositions. Moreover, the respective lattice parameters are, by definition 
and to a varying degree, mismatched in the case of heteroepitaxy. 
Heteroepitaxy has been accomplished in some processes that result in a quite 
small lattice mismatch, such that the heterojunction interfacial structure is 

30 similar to a homoepitaxial structure. Nevertheless, thermal mismatch (i.e., a 
difference in the respective thermal expansion coefficients between the film 
and substrate) as well as distinctions in the respective chemistries of the film 



WO 02/44444 



PCT/US01/44992 



-17- 

and substrate can exist to degrade electronic properties and interface quality. 
If the lattice parameters are significantly mismatched, relaxed epitaxy or 
strained epitaxy results. In the case of relaxed epitaxy, misfit dislocation 
defects form at the interface between the film and the substrate. In the case of 
5 strained epitaxy, the respective lattices of the film and the substrate tend to 
strain in order to accommodate their differing crystallographies. 

As used herein, the term "device" is interpreted to have a meaning 
interchangeable with the term "component." 

Referring now to Figures 1 and 2, a heterostructure, generally 

10 designated 10, is illustrated according to the invention. Heterostructure 10 
comprises a base substrate 12 on which a layer comprising an array of 
individual, single-crystal, low-defect density M ,n N columns 14 are epitaxially 
grown. Preferably, base substrate has a diameter of 0.5 inch or greater. Base 
substrate 12 has a growth surface 12A having a composition and structure that 

15 enables base substrate 12 to serve as a template for the epitaxial growth of 
M m N columns 14 thereon. Alternatively, as shown in Figure 1 , a intermediate 
buffer or transition layer 16 is grown on base substrate 12 so as to provide a 
suitable epitaxy-initiating growth surface 16Afor M MI N columns 14. 

Each column 14 is observed to be distinct from adjacent columns 14, as 

20 each column 14 is separated from other columns 14 over a substantial 
columnar thickness or height t by voids or spaces 18. It can also be seen that 
columns 14 are highly oriented in the vertical direction and have substantially 
perfect flat top surfaces. The areal density of columns 14 over growth surface 
12A or 16A is observed to be in the range of approximately 25% to 

25 approximately 90%. The growth of columns 14 can continue such that the 
thickness of the column layer exceeds that of intermediate layer 1 6. The defect 
density of columns 14 is observed to be approximately 10 8 defects per cm 2 or 
less, and is lower than that of base substrate 12 and/or interlayer 16. The 
single-crystal, low-defect density nature of each column 14, and the 

30 discontinuity of the layer of array of columns 14, conjoin to provide a strain- 
relieving, stress-relieving, epitaxial-initiating, columnar growth surface 14A 
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upon which M IM N layers can be grown with low stress and even lower defect 
density than that of columns 14. 

Non-limiting examples of material compositions suitable for use as base 
substrate 12 include sapphire, silicon, silicon carbide, diamond, lithium gallate, 
5 lithium aluminate, ScAIMgC>4, zinc oxide, spinel, magnesium oxide, gallium 
arsenide, glass, tungsten, molybdenum, hafnium, hafnium nitride, zirconium, 
zirconium nitride, carbon, silicon-on-insulator, carbonized silicon-on-insulator, 
carbonized silicon-on-silicon, and gallium nitride. Moreover, the particular base 
substrate selected could be characterized as being a conductive substrate, an 

10 insulating substrate, a semi-insulating substrate, a twist-bonded substrate, a 
compliant substrate, or a patterned substrate. 

Non-limiting examples of material compositions suitable for use as 
interlayer 16 include gallium nitride, aluminum nitride, indium nitride, zinc oxide, 
silicon carbide, and their alloys. Interlayer 16 could also be composed of Si0 2 , 

15 Si x Ny, diamond, lithium gallate, lithium aluminate, zinc oxide, spinel, 
magnesium oxide, gallium arsenide, tungsten, molydenum, hafnium, hafnium 
nitride, zirconium, zirconium nitride, and carbon. 

Preferably, base substrate 12 has a thermal coefficient of expansion that 
is substantially equal to that of M m N columns 14 in order to minimize thermal 

20 mismatch. When interlayer 16 is first deposited on growth surface 12A, 
however, thermal mismatch as between base substrate 12 and M H, N columns 
14 is of less concern. 

According to one method of the invention, base substrate 12 and a 
Group III metal target are loaded into a sputter deposition chamber. A highly 

25 energetic plasma environment is generated in the chamber, using a suitable 
background gas such as argon. Separate nitrogen-containing source gas is 
conducted into the chamber. Alternatively, the gas utilized to generate the 
plasma could also be used as the reactant source gas, in which case the 
background gas provides the nitrogen species. The Group III metal target is 

30 sputtered to produce a Group III metal source vapor. The Group III metal 
source vapor combines with the nitrogen-containing gas, which is characterized 
as including one or more species such as diatomic nitrogen, atomic nitrogen, 
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nitrogen ions, and partially ionized nitrogen, as well as nitrogen-containing 
compounds such as ammonia. As a result, reactant vapor species comprising 
components of the Group III metal and the nitrogen are produced within the 
reaction chamber, and are deposited on growth surface 12Aof base substrate 
5 1 2 or, if applicable, on growth surface 16A of buffer or transition layer 1 6. 

If the above steps were to be performed in a more conventional manner, 
the depositing reactant vapor species could be expected to form a two- 
dimensional oriented thin film on growth surface 12A (or on growth surface 16A 
when first depositing buffer or transition layer 16) and/or three-dimensional 

10 island growth. In accordance with the present invention, however, the IMA/ 
ratio— that is, the ratio of Group III species to nitrogen species in the reaction 
chamber—is controlled during deposition of the reactant vapor species. The 
IIIA/ ratio is maintained within a certain range to create a Group III metal-rich 
environment in the reaction chamber that is conducive to and promotes the 

1 5 novel columnar growth. In this novel method, the as-deposited reactant vapor 
species has been discovered to grow epitaxially on growth surface 12A in a 
preferential vertical or three-dimensional orientation to produce discrete, single- 
crystal M !,, N columns 14 as depicted in Figures 1 and 2. The growth of discrete 
columns 14 thus can be distinguished from the conventional growth of a 

20 continuous single crystal or a polycrystalline layer exhibiting grain boundaries. 
Importantly, the columnar growth can be distinguished from the growth of posts 
or stripes through a combination of conventional masking, etching, lateral 
growth, and selective area growth techniques. In the present invention, the 
columnar crystals are grown in an essentially continuous, one-step process. 

25 The method of the invention can also be characterized as an in-situ growth 
process, because the columns are formed without having to break the vacuum 
of the reaction chamber in order to perform extraneous steps such as masking 
or otherwise remove the structure from the reaction chamber prior to 
completion of the growth step. 

30 As appreciated by persons skilled in the art, the IIIA/ ratio is a 

dimensionless quantity that is controlled or adjusted in a manner that will 
depend on the means employed for carrying out the material transport process. 
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When, for example, the nitrogen-containing gas is utilized both as the reactant 
gas and as the background or working gas for striking and maintaining the 
plasma or glow discharge in the reaction chamber, the lll/V ratio is preferably 
controlled by controlling the voltage applied to the target cathode. When, on 
5 the other hand, a non-nitrogen containing background gas such as argon is 
utilized, the lll/V ratio is preferably controlled by controlling the flow of the non- 
nitrogen containing gas into the reaction chamber. In this latter case, control of 
the lll/V ratio during deposition entails maintaining a nitrogen concentration in 
the reaction chamber in the range of approximately 50% to 65% relative to the 

10 background gas. It will be understood, however, that controlling the nitrogen 
concentration adjusts the lll/V ratio by altering only the Group V component, 
and thus assumes that the concentration of the Group III component remain 
more or less predetermined or fixed. Hence, when depositing material in a 
sputtering regime, the lll/V ratio can also be altered by adjusting the voltage 

15 applied to the target cathode. It thus can be seen that the lll/V ratio can be 
modified to obtain the unique columnar growth by either adjusting the Group III 
component, adjusting the Group V component, or adjusting both the Group III 
and Group V components. 

In order to produce the unique array of columns 14 just described, 

20 another important step in the process is the technique by which the 
components of M ,H N layer 14 are transported to growth surface 12A of base 
substrate 12. According to the invention, sputtering is performed in favor of 
other physical vapor deposition techniques, as well as in favor of chemical 
vapor deposition and other vapor phase techniques. Preferably, the sputtering 

25 is accomplished by a novel non-thermionic, plasma-enhanced sputtering 
technique as described hereinbelow. If an interlayer 16 is to be formed on 
growth surface 12A, such interlayer 16 can be deposited by any number of 
techniques, including physical vapor deposition, sputtering, molecular beam 
epitaxy, atmospheric chemical vapor deposition, low pressure chemical vapor 

30 deposition, plasma-enhanced chemical vapor deposition, metallorganic 
chemical vapor deposition, sublimiation, evaporation, and hydride vapor phase 
epitaxy. 



i 
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Referring now to Figure 3, a simplified line drawing representing one of 
the single crystal M m N columns 14 shows a hexagonal crystal system. The 
average thickness or height t of columns 14 produced according to the 
invention exceeds 0.5 micron, and ranges from approximately 0.5 to 10 
5 microns. The average lateral dimension of columns 14, which can be taken as 
being either a distance Wi along an edge of the hexagonal cross-section or a 
distance w 2 from one vertex to an opposing vertex, ranges from approximately 
0.05 micron to 5 microns. 

Referring now to Figure 4, once columns 14 have begun to form during 

10 the growth process, the lll/V ratio can be readjusted to create an environment 
within the reaction chamber that is conducive or preferential to two-dimensional 
growth rather than vertically-oriented columnar growth. In the example given 
hereinabove in which the nitrogen concentration was first adjusted to a range 
conducive to columnar growth, the nitrogen concentration can be readjusted to 

15 a range between approximately 65% to approximately 100% relative to the 
argon background gas. In a process termed herein as columnar epitaxial 
overgrowth, or CEO, the upper regions of columns 14 begin to coalesce and 
grow as a continuous M ,n N layer, which is designated herein as a columnar 
epitaxial overgrowth or CEO layer 20. CEO layer 20 is characterized as a thin 

20 film with a preferred thickness of at least approximately 0.5 micron or greater. 

According to another aspect of the invention, the growth of CEO layer 20 
is permitted to continue until its thickness is sufficient to ensure that the bulk 
crystal has a defect density low enough to be considered as device-quality. An 
example of a CEO layer 20 suitable for use as a device layer has a thickness of 

25 at least approximately 0.5 micron or greater. The structure illustrated in Figure 
4 is then removed from the reaction chamber, and base substrate 12, interlayer 
16 (if present), and/or columns 14 are separated or removed from CEO layer 
20. The removal technique employed can be, for example, polishing, 
chemomechanical polishing, laser-induced liftoff, cleaving, wet etching, or dry 

30 etching of base substrate 12 f interlayer 16, and/or columns 14. 

According to an additional aspect of the invention, M m N CEO layer 20 
serves as an excellent seed crystal for either the homoepitaxial or 
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heteroepitaxial growth of a bulk M !II N layer 30, as also shown in Figure 4. In 
the case of heteroepitaxy, it will be understood that a different metal or metal 
nitride compound source is utilized, which may require that the heterostructure 
be transferred to a different reaction chamber. Bulk M ,n N layer 30 can be 
5 deposited by any number of techniques. In addition to the non-thermionic 
sputter transport technique disclosed in detail hereinbelow, bulk M I!, N layer 30 
can be grown by conventional sputtering or other physical vapor deposition 
techniques, as well as molecular beam epitaxy, atmospheric chemical vapor 
deposition, low pressure chemical vapor deposition, plasma-enhanced 

10 chemical vapor deposition, metallorganic chemical vapor deposition, 
sublimation, evaporation, and hydride vapor phase epitaxy. As 
diagrammatically represented in Figure 4 by vertical lines, the defect density of 
the crystal constituting M m N layer 30 is even lower than that of CEO layer 20. 
Preferably, the growth of bulk M m N layer 30 is permitted to continue until 

1 5 its thickness is sufficient to ensure that the bulk crystal has a defect density low 
enough to be considered as device-quality. In addition, bulk M m N layer 30 can 
be rotated as it grows according to conventional methods. The structure 
illustrated in Figure 4 is then removed from the reaction chamber, and base 
substrate 12, interlayer 16 (if present), columns 14, and/or CEO layer 20 are 

20 separated or removed from bulk M MI N layer 30. The removal technique 
employed can be, for example, polishing, chemomechanical polishing, laser- 
induced liftoff, cleaving, wet etching, or dry etching of base substrate 12, 
interlayer 16, columns 14, and/or CEO layer 20. 

During their respective growth steps, columns 14, CEO layer 20, and/or 

25 bulk M ,I! N layer 30 can be doped by conducting conventional doping methods, 
such as by introducing dopant-containing gases into the reaction chamber 
under controlled conditions. Multiple or alternating layers of dopants can be 
added to form electronic devices or components such as, for example, p-n 
junctions. 

30 Referring to Figure 5, upon completion of the bulk layer release process, 

a bulk, free-standing, single-crystal M m N article 40 is produced. In accordance 
with the invention, article 40 has a diameter d of 0.5 inch or greater, a thickness 
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t of 50 microns or greater, and a defect density of no greater than 10 9 
defects/cm 3 . Article 40 can be doped according to known methods. In the 
production of alloys and compounds, the resulting composition can have 
greater than 50% Group ill metal and nitrogen components. 
5 Bulk crystal article 40 shown in Figure 5 can be produced in the form of 

a wafer, in which case the thickness will be in the range of 50 microns to 1 mm. 
Multiple wafers can be produced either one at a time or by providing more than 
one base substrate 12 in the reaction chamber. In addition, the method of the 
invention enables the production of bulk crystal article 40 in the form of a boule, 

10 in which case the diameter is at least 2 inches and the thickness is from 
between 1 mm to greater than 100 mm. Multiple wafers can be cut from the 
boule using a wafer saw. As part of a further fabrication process, a major 
surface of the wafer can be prepared for epitaxial growth according to known 
methods, such as polishing, after which an epitaxial layer of suitable 

15 composition can be deposited on the prepared surface. 

Referring now to Figures 6A and 6B, columns 14, CEO layer 20, M m N 
layer 30, and bulk M n, N article 40 produced according to the invention are 
device-quality materials that can serve as respective platforms for the 
fabrication of one or more microelectronic devices, optoelectronic devices, 

20 and/or other electronic components 36. Non-limiting examples of devices or 
components 36 include light-emitting diodes, detectors, biological or chemical 
sensors, filters, transistors, rectification circuitry, semiconductor lasers, bond 
pads, metallization elements, and interconnects. Figure 6A specifically 
illustrates a device or component 36 formed on or in M m N layer 30. Figure 6B 

25 specifically illustrates a device or component 36 formed on or in bulk M ,n N 
article 40. It will be further understood that an appropriate device or component 
36 can be formed on or in CEO layer 20 as well as on one or more columns 14. 

Referring now to Figures 7A - 10, the results of one series of process 
runs employing gallium and nitrogen sources are shown. The columnar growth 

30 process was performed at an increased IMA/ ratio (i.e., in a gallium-rich 
environment with a nitrogen concentration of 50%). These process runs 
resulted in the columnar growth of single-crystal gallium nitride. As shown in 
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the micrographs of Figures 7A, 7B and 7C, flat GaN (0001) surfaces are 
observed at the tops of randomly distributed, highly-oriented, non-contiguous 
GaN columns. This effect is most likely due to an increase in the surface 
mobility of the gallium species. Figures 7A - 7C show the varying sizes and 
5 density of the columns in plane view. Figures 8A - 8C, show the varying sizes 
and density of the columns in cross-sectional view. The columns are highly 
oriented in both the basal and prismatic planes. As seen in Figure 9, cross- 
sectional TEM measurements of the columns reveal that the columns are 
substantially defect-free, thereby indicating high-quality GaN growth. 

1 0 Examples of columnar epitaxial overgrowth are shown in the SEM cross- 

sectional images of Figures 10A, 10B, and 10C. A GaN columnar region is 
observed to have grown on a continuous lower layer, which is followed by the 
growth of a continuous upper layer. The defect density of the upper layer is 
lower than that of the lower layer. 

15 The crystal orientation of the columns was examined using X-ray 

diffraction (XRD) and compared to data obtained for a continuous GaN layer. 
Rocking curve measurements of symmetric and asymmetric crystal reflections 
were examined, and <p scans and pole figure analysis were performed. The 
rocking curve (go scan) measurement is indicative of the subgrain tilt in the 

20 crystalline material. As shown in Figures 11A and 11B, respectively, the 
FWHM for the 1 0-micron GaN layer is 249 arcsec, and the FWHM for the GaN 
column structure is 788 arcsec. As shown in Figures 12A and 12B, 
respectively, pole figure analysis and cp scans of both the GaN layer and the 
GaN column structure reveal the 6-fold symmetry of the hexagonal crystal, with 

25 no extra peaks from misoriented subgrains. The similarities of the respective u> 
scan and pole plot of the GaN layer and the column structure indicate 
comparable crystal quality between the two structures and a high degree of 
crystal orientation in the columns. 

In the embodiments of the invention described hereinabove, columnar 

30 growth, columnar eptiaxial overgrowth, and optionally M n, N article layer growth, 
are successfully accomplished in part by implementing a high-growth rate 
sputtering technique. The sputtering process is accomplished by either 
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conventional techniques or, in a preferred process, by implementing a novel 
enhanced sputtering technique described hereinbelow. 

A conventional sputtering technique utilizes a parallel-plate, planar diode 
configuration in which a cathode and an anode spaced apart from each other in 
5 a sealable reaction chamber by an electrode gap. The cathode is driven 
negative by a power supply. A glow-discharge plasma is generated between 
the two electrodes and confined by a grounded metal vacuum containment wall 
of the reaction chamber. To "strike" (initiate) the discharge, it is often 
necessary to supply a spike of higher voltage, or to adjust pressure to a 

1 0 minimum so that the gas will break down at the voltage available. The voltage 
drop across the sheath of the plasma results in high-energy ion bombardment 
of the cathode by positive ions and sputtering of the cathode. The cathode 
voltage drop also sustains the plasma by accelerating secondary electrons 
emitted from the cathode into the plasma where they initiate a cascade of 

1 5 ionizing collisions. The diode can be operated under an applied DC voltage or 
an RF voltage. RF excitation is required when sputtering insulating targets. 

A mode of plasma-enhanced chemical activation generally known as 
"reactive sputtering" uses a sputtered source material along with a gaseous 
one. The gas becomes dissociated in the sputtering plasma and reacts to form 

20 a compound film. The parallel-plate plasma configuration can be used to 
supply vapor for film deposition by sputter-erosion of the cathode, which serves 
; as the target material. Often, the plasma is magnetized using a magnetron 
assembly. A reactive gas (e.g., N 2 ) is added to the sputtering plasma (e.g., 
argon gas plasma) in order to shift compound-film stoichiometry in sputtering 

25 from a compound target, or to deposit a compound film from a metallic target 
(e.g., Al). Compound deposition by reactive sputtering from a metallic target 
generally lowers target fabrication costs and increases target purity as 
compared to using a compound target, although process control can be more 
difficult if film composition is critical. 

30 When employing a planar-diode plasma configuration to cause 

sputtering, the beam electrons ejected from the cathode must undergo enough 
ionizing collisions with the gas to sustain plasma before the beam electrons 
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reach the anode and are removed there. This requirement places a lower limit 
on operating pressure, and can be enhanced through the use of a magnetron 
assembly. The magnetron assembly typically includes a central bar magnet 
and an outer ring magnet or magnets of opposite pole. The magnetron 
5 produces a cross-wise magnetic field over the cathode. The magnetic field 
traps the beam electrons in orbits near the cathode surface. As a result, the 
path lengths of the beam electrons are significantly increased before the 
electrons finally escape to the anode by collisional scattering. Because the 
paths of the electrons become longer than the electrode gap, the minimum 

10 pressure needed to sustain the plasma is much lower (typically 0.1 Pa rather 
than 3 Pa) when using a magnetron as compared with a planar diode without a 
magnetron. At a lower pressure (e.g., 0.1 Pa), the sputtered particles retain 
most of their kinetic energy upon reaching the substrate, and this energy has 
advantageous effects on the structure of the depositing film. In addition, 

15 deposition rate is increased due to reduced scattering and redeposition of 
sputtered particles on the cathode. Moreover, the beam electrons are utilized 
more efficiently, with the result that a lower applied voltage (e.g., approximately 
500 V) is required to sustain a plasma of a given density, and the voltage 
increases less steeply with power input as compared to a non-magnetron 

20 planar diode configuration. 

A typical magnetron has a planar, circular configuration. The target 
material of the cathode is a disc, typically 3-10 mm thick, and is bonded (such 
as by soldering, for good thermal contact) to a water-cooled copper backing 
plate. The water coolant can be deionized to prevent electrolytic corrosion 

25 between the electrically-biased backing plate and a grounded water supply. 
The cathode is often floated off ground with a ceramic insulating ring. The 
containment wall of the reaction chamber serves as an anode, although 
grounded shields can be added to confine the sputtered material. The cross- 
wise magnetic field is established by the magnets. The magnets are connected 

30 on the back by an iron "field-return" plate to complete the magnetic circuit and 
to confine the magnetic field. 
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Upon igniting plasma, beam electrons emitted from the cathode are 
accelerated into plasma by the electric field of the cathode sheath. The 
presence of the magnetic field causes the beam electrons to curve into orbits 
as a result of the Lorentz force, F = F E + F B = q e E + q e v x B. The radius of the 
5 orbit (referred to as the gyratron, cyclotron or Larmor radius) depends on the 
strength of the magnetic field and on the electron velocity component 
perpendicular to the magnetic field. In order for the magnetic field to have an 
effect on the beam electrons, the pressure must be low enough (typically less 
than a few Pa) that the electron mean free path is not significantly less than the 
10 orbit radius. If this condition is met, the beam electrons are said to be 
"magnetized" although the ions are not magnetized. The magnetron can 
operate as a sputtering source at much higher pressures, but in such cases 
gas scattering dominates the behavior of the beam electrons instead of the 
magnetic field itself. 

1 5 Under lower pressure conditions, the beam electrons emitted from the 

target surface of the cathode or created by ionization in the sheath field are 
accelerated vertically by the electric field and simultaneously forced sideways 
by the magnetic field. The beam electrons eventually reverse direction and 
return toward the target. As the beam electrons are thus directed toward the 

20 target, they decelerate in the electric field until their direction is again reversed, 
and the cycle repeats. The net motion or path of these electrons is a circular 
drift path around the circle of the target. This drift path is in the direction of the 
E x B vector product. The magnetron is ordinarily designed such that the E x B 
drift path closes on itself so that the beam electrons do not pile up or 

25 accumulate at some location. 

Preferably, the plasma generated in the reaction chamber is enhanced 
by taking advantage of the "hollow cathode" effect, a phenomenon which 
generally involves utilizing geometric means to trap secondary electrons 
emitted from an ion-bombarded target cathode. When a hollow-cathode-type 

30 structure is driven to a very high discharge current, its cathode surfaces heat to 
a temperature sufficient to cause thermionic emission of electrons, and the 
local plasma glow discharge will enter the arc mode. A hollow cathode, 
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typically constructed of a refractory material and provided with a local gas 
supply, can be a useful source of moderately energetic electrons for plasmas. 
The hollow cathode is provided in the form of a tube having a tantalum tip. A 
gas source is connected to one end of the hollow cathode, and a small 
5 aperture or orifice is provided at the tip. The aperture restricts the gas flow and 
results in a large pressure differential across tip. The inner pressure of the 
hollow cathode is typically in the range of several hundred mTorr. Electrons 
are emitted by biasing the hollow cathode negatively with respect to the local 
plasma potential (which is usually the ground potential). A hollow cathode 

10 having a diameter of only a few millimeters can be employed to produce an 
electron current of several to ten amperes. An external heater or a short-term, 
high-voltage spike is typically used to heat the hollow cathode to the 
temperature required for emission. 

The hollow cathode is situated in the fringe region of the magnetic field 

15 of the magnetron to supply additional electrons to the magnetron discharge. 
The hollow cathode serves to decouple the current-voltage relation of the diode 
plasma and allow operation of the plasma at wide ranges of voltage and 
current, as well as to lower the operating pressure in chamber. The hollow 
cathode can operate at 0.1 mTorr, which is below the range of the more 

20 conventional magnetron/diode arrangement described hereinabove. If 
conventional magnetron/diode arrangements were to operate at these lower 
pressures, there would be not be enough gas atoms for efficient ionization by 
the secondary electrons. The additional supply of electrons from the hollow 
cathode, however, removes this limitation and allows operation at 

25 approximately 0.1 mTorr for magnetron arrangements, and approximately 0.5 
mTorr for RF-diode arrangements. Such pressures are well into the long mean 
free path mode, and sputtered atoms or ions move in straight, line-of-sight 
trajectories without gas scattering. 

While hollow cathode enhanced sputtering devices provide advantages 

30 over other sputter deposition techniques, there are still drawbacks with regard 
to their use, owing to the fact that they are thermionic emitting electron devices. 
For instance, contamination is still observed to be a problem, particularly since 
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the hollow cathode tip material tends to evaporate and mix with the growing 
deposition material. Another problem relates to the intense heat produced by 
thermionic emission, which can damage the growing material. Therefore, in 
accordance with a preferred embodiment of the present invention, a novel 
5 sputter transport device is provided that is characterized by the use of a non- 
thermionic electron/plasma injector assembly. 

Referring now to Figure 13, a non-thermionic sputter transport device, 
generally designated 100, is illustrated. Key operating components of transport 
device 100 are contained within a grounded, sealable sputter-transport 

10 chamber 102. As will be appreciated by persons skilled in the art, a pumping 
system (not shown) is provided to control the pressure (vacuum or otherwise) 
within chamber 102. Supply systems (not shown) are also provided for 
delivering a background gas (e.g., argon), and a reactive gas (e.g., nitrogen) in 
the case of reactive sputtering, into chamber 102. In some applications of the 

1 5 present invention, the reactive gas may also serve as the background gas. 

A cathode 104 constructed from a metallic, dielectric, or compound 
target material is bonded to a target holder 106 to establish thermal contact 
therebetween. Target cathode 104 may be provided in the form of a circular 
disk or a rectilinear plate, or may have some other shape. Target holder 1 06 is 

20 preferably constructed of copper or other relatively inexpensive material that 
offers acceptable levels of both thermal and electrical conductivity. A heat 
exchanger system (not shown) is provided to circulate a heat transfer medium 
such as water through target holder 106 to keep target holder 106 (and thus 
target cathode 104) cool. A magnetron assembly 110 includes a set of 

25 oppositely-poled magnets 112 and 116 connected by a magnetic field return 
plate 118. The arrangement of magnets 112 and 116 preferably constitutes a 
central magnetic bar 112 surrounded by an outer magnetic annulus 116, 
although other arrangements and shapes could be provided. Magnets 1 12 and 
116 are preferably located on the side of target holder 106 opposite to target 

30 cathode 104. A negative bias voltage is applied to target holder 106 by 
connecting target holder 106 in series with a voltage source 120. 
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A substrate holder 1 30, which serves as the primary anode, is disposed 
in chamber 102 in parallel with and spaced at a distance from target cathode 
104. Preferably the spacing is in the range of approximately 2 cm to 20 cm. 
Substrate holder 130 can be constructed from any materia! that is either 
5 electrically conductive or isolated, and can be provided as either a cooling 
structure or a heating structure. It is preferable that transport device 100 be 
oriented such that target cathode 104 is physically situated opposite to 
substrate holder 130, but can be either vertically above or below substrate 
holder 130. A substrate 132 is disposed on substrate holder 130. Depending 
1 0 on the specific application of transport device 1 00, substrate 1 32 can be either 
initially provided in bulk form on which a thin-film is to be deposited, or it 
represents the growing bulk material grown through use of transport device 
100. 

As will be appreciated by persons skilled in the art, substrate holder 130 

15 or an associated transfer arm (not shown) can be used to transport substrate 
holder 130 and, if applicable, an initially-provided substrate material into and 
out from chamber 102. In addition, a load lock or similar component (not 
shown) can be provided to serve as an interface between chamber 102 and the 
ambient environment to assist in maintaining reduced pressure in chamber 102 

20 when substrate holder 130 and/or an initially-provided substrate material is 
loaded and thereafter removed from chamber 102. Other known processing 
components can used as appropriate to assist in implementing the methods of 
the invention involving the use of transport device 100, including an electronic 
control system, a power supply system, a pressure monitoring system, a mass 

25 flow control system, a temperature monitoring system, and a system for 
automated tracking and transport of workpieces. 

As one key aspect of the present invention, an injector assembly 
.generally designated 150 is disposed in chamber 102 proximate to target 
cathode 104, and is separately, negatively biased through its serial connection 

30 with a voltage source 152. Hence, injector assembly 150 serves as a cathode 
apart from and additional to target cathode 1 04, such that transport device 1 00 
can be characterized as being a triode sputtering source. 
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Referring to Figures 14A and 14B, injector assembly 150 includes a 
plurality of injectors 152 serving essentially as individual hollow cathodes. 
Each injector 152 terminates in an inlet orifice 152A communicating with the 
interior of chamber 1 02 in the region proximate to the surface of target cathode 
5 104. In the present embodiment, injector assembly 150 takes the form of an 
injector ring such that each inlet orifice 152A faces radially inwardly with 
respect to chamber 102, although individual injectors 152 can be arranged in a 
linear or other suitable configuration. 

In operation, electrons in the form of supplemental or auxiliary plasma 

10 beams are non-thermionically emitted from injectors 152 as a result of the 
increase in electric field strength at these points, such that the electrons are 
subsequently injected and coupled into the gradient of the magnetic field 
(represented by virtual field lines B) established by magnetron source 110 to 
generate an intense plasma. Injector assembly 1 50 may thus be characterized 

15 as a cool, non-thermionic electron/plasma source which injects an 
approximately equal number of ions and electrons into the region illustrated in 
Figure 1 3 proximate to target cathode 1 04, thereby creating a higher probability 
of ionization of the target material. An increase in magnetron current is 
observed due to the added electrons from injector assembly 150. This effect 

20 can be seen as a significant increase in the plasma brightness, as well as a 
significant increase in the sputter deposition rate. The intense plasma created 
in the proximity of the surface of target cathode 104 results in the significant 
increase in deposition rate by more than ten times over conventional 
techniques. Injector assembly 150 also serves to electrostatically confine the 

25 plasma to form a broad plasma beam 160 directed toward substrate 132. Due 
to the bulk mass and/or cooling design of injector assembly 150, its 
temperature remains low and accordingly no thermionic emission, evaporation 
or contamination takes place during deposition. 

Transport device 100 can be operated in either continuous DC, pulsed 

30 DC, AC or RF mode, which enables transport device 1 00 to reactively sputter a 
wide range of both conductive and insulating materials at very high rates. Due 
to the high percentage of gas ionization, the material of target cathode 104 is 
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sputtered at ultra-high rates sufficient to prevent a detrimental insulating layer 
from forming on the target surface. In addition, due to the very high ion 
energies associated with the process according to the present invention, large 
amounts of material can be sputtered. Device 1 00 has been proven to operate 
5 successfully in 1 00% reactive gas environments, therefore demonstrating the 
stability of the device under very reactive conditions. 

As described above, a negative bias is applied to target holder 106, 
which generates a magnetron sputtering discharge, and a separate negative 
bias is applied to injector assembly 1 50. This generates a very intense plasma, 

1 0 with beamlets of plasma emitting from each injector 152 of injector assembly 
150. The added plasma density and ionization percentage in the region of the 
target cathode 104 increase the amount of target bombardment, thereby 
causing increased sputter rates. Due to the increased utilization of sputtering 
gas, the background processing pressure can be lowered from, for example, 

15 approximately 5 mTorr to approximately 0.1 mTorr, which can improve the 
microstructural properties of materials being formed. This pressure decrease 
increases the mean free path of molecules, enabling the creation of plasma 
beam 160 between target cathode 104 and substrate holder 130 (i.e., the 
anode) which is characterized by very high ionization efficiency and 

20 achievement of ultra-high sputter transport rates. 

Referring to Figure 15, a sputter transport device, generally designated 
200, is illustrated according to another embodiment of the present invention. In 
this particular embodiment, a biased containment shield 202, constructed from 
aluminum or other conductive material, is disposed in chamber 102 between 

25 target cathode 104 and substrate holder 130 and is surrounded by a 
containment magnet or magnets 204. A high voltage applied to containment 
shield 202 from a voltage source 206 acts to focus the sputtered material and 
plasma beam 160 onto the growing substrate 132, thereby increasing the 
transport efficiency of the sputtered material (such as aluminum nitride) to 

30 substrate 132. Ions and electrons become trapped within the containment 
region under the influence of the electric and magnetic fields and subsequently 
deposit on substrate 132. 
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Under some circumstances, the user of transport device 100 or 200 
might find that the heating of injector assembly 150 causes low-melting-point 
metals to melt. This problem can be overcome by cooling injector assembly 
150 with a copper cooling ring 220, which is also illustrated in Figure 15. 
5 Referring to Figures 16-19, a preferred embodiment of a fluid-cooled, 

ring-shaped injector assembly generally designated 300 is illustrated. Injector 
assembly 300 includes a main body 302 and an outer collar 304 removably 
secured by clamping screws 306. Main body 302 includes a process gas 
section 302Aand a cooling section 302B. As best shown in Figures 17A and 

10 1 7B, process gas section 302A and outer collar 304 together define a process 
gas chamber 308. Individual injectors for supplying electrons and cool plasma, 
indicated by the reference numeral 310, are defined by interchangeable gas 
nozzles 312 fluidly communicating with process gas chamber 308 at one end 
and with sputter-transport chamber 102 at the other end. Gas nozzles 312 may 

1 5 or may not be constructed from the same material as target cathode 1 04 and/or 
containment shield 202. Cooling section 302B of main body 302 defines a 
cooling reservoir 314 adapted to circulate a heat transfer fluid such as water in 
close proximity to each gas nozzle 312. The heat transfer fluid is circulated 
through cooling reservoir 314 by means of a heat transfer fluid inlet conduit 316 

20 and outlet conduit 318. Process gas such as diatomic nitrogen or argon is 
supplied to injector assembly 300 by means of a process gas conduit system 
320 that communicates with one or more process gas inlets 322 on main body 
302. Figure 19 illustrates one example of an emission pattern of 
plasma/electrons 310 obtainable by injector assembly 300. The pattern as well 

25 as the gas nozzle pressure can be altered by blocking one or more of individual 
gas nozzles 312. 

Traditionally, sputter-deposited films have been plagued with low 
reactive sputter rates, excessive stress, and poor crystalline growth. Due to the 
non-contaminating nature of transport device 100 or 200, however, the hollow 
30 cathode effect can be advantageously utilized to produce both single-crystal 
and highly-oriented polycrystalline, bulk-form substrates, such as those 
described hereinabove, at lower pressures, ultra-high deposition rates, and with 
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minimal material stress. Transport device 100 or 200 is also capable of 
growing epitaxial layers on substrates. Examples of deposited materials 
include binary, tertiary, and quaternary Group III nitride based compounds such 
as aluminum nitride, gallium nitride, indium nitride, aluminum gallium nitride, 
5 indium gallium nitride and aluminum indium gallium nitride, and alloys thereof. 
Suitable dopants can be added during the growth process. Both single-crystal 
and polycrystalline morphologies are obtainable. In one specific example, 
transport device 100 or 200 is capable of growing aluminum nitride purer than 
that made by powder processing methods and faster than CVD methods. 

1 0 Moreover, because transport device 1 00 or 200 exhibits a very high degree of 
sputter particle ionization, transport device 100 or 200 produces a plasma 
beam environment that facilitates the synthesis of nitride based materials. The 
material grown by transport device 100 or 200 exhibits the bulk properties of 
nitrides due to the resulting high crystallinity and purity. In particular, bulk 

15 aluminum nitride produced from transport device 100 or 200 has a high IR and 
UV transmittance, a high thermal conductivity, and a high degree of c-axis 
orientation. 

In addition to growing the materials described hereinabove, transport 
device 1 00 or 200 can be utilized to grow a variety of ceramic thin films such as 

20 aluminum oxide and zinc oxide, or to deposit copper or other metallic 
interconnects onto patterned electronic devices. The high transport rate also 
enables the high-throughput coating of objects. 

Figure 20 demonstrates the dramatic improvement in deposition rate by 
plotting plasma current as a function of applied source voltage with transport 

25 device 100 operating under a 0.7A electron enhancement (i.e., with the 
inventive injector ring installed and supplying current from hollow cathode-type 
structures), as compared to a typical magnetron sputtering device without any 
electron enhancement. 

Conventional planar magnetron designs suffer from poor target-material 

30 utilization because of a trenched erosion pattern that tends to form on the 
surface of the target material in the vicinity of the E x B drift path of the beam 
electrons. The radial narrowness of this trench results from radial compression 
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of the plasma, which is in turn caused by the well-known "magnetic-mirror" 
effect. The electrons of the plasma are forced away from both small and large 
magnetron radii at the sites where the magnetic field converges toward the 
magnetic pole pieces. The electrons are compressed by these mirrors toward 
5 an intermediate radius where the magnetic field is uniform. Both the plasma 
and the ion bombardment are most intense in the region of magnetic field 
uniformity. The magnetic-mirror effect can be reduced somewhat by designing 
a flatter magnetic field or by mechanically scanning the magnets back and forth 
during sputtering. The non-uniformity of film thickness resulting from plasma 

10 compression can be avoided by moving the substrates around during 
deposition. One simpler, geometric approach to improving uniformity is 
illustrated in Figure 21 , wherein a rectangular magnetron generally designated 
410 is utilized. With the rectangular geometry, the many of magnetic field lines 
B are situated along linear directions, and the beam electrons follow an oblong 

15 or "racetrack" E x B drift path at target cathode 104. The rectangular 
magnetron shape can be employed in connection with the present invention if 
non-uniformity becomes problematic. 

Localization of the plasma over target cathode 104 by the transverse 
magnetic field of magnetron assembly 110 results in a much lower plasma 

20 density over the substrate 132 than in the case of the non-magnetron planar 
diode, and ion bombardment flux to substrate 132 is reduced accordingly. This 
is desirable when the neutral sputtered particles alone carry sufficient kinetic 
energy to optimize film structure, or when it is important that the substrate 
heating that results from ion bombardment be kept to a minimum. In other 

25 cases, however, it might be desirable to further increase film bombardment 
while retaining the low operating pressure of the transport device 100 or 200. 
One method for increasing ion bombardment of the growing film is to 
"unbalance" the magnets of magnetron assembly 110, such as by downsizing 
central magnet 112 such that the central magnet 112 cannot pull in all the field 

30 lines emanating from outer magnets 116. Hence, in the unbalanced 
configuration, the magnetic field lines that are not pulled into central magnet 
112 will curve away toward substrate holder 130. Because electrons traveling 
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parallel to a magnetic field are not influenced by the magnetic field, they can 
escape along these wayward field lines and travel toward substrate 132. The 
escaping electrons pull positive ions along with them by ambipolar diffusion and 
hence increase ion-bombardment flux to substrate 132. In addition, the 
5 bombardment energy can be increased by negatively biasing substrate 132. 

Another way to increase ion-bombardment flux to the growing film is to 
provide an RF-powered coil to ionize the mostly neutral sputtered-particle flux 
during transport to substrate 132. The coil operates by coupling energy 
inductively into a secondary plasma downstream of the magnetron plasma. 

10 Referring now to Figure 22, a sputter transport device, generally 

designated 600, is illustrated according to an additional embodiment of the 
present invention. Many of the components of sputter transport device are 
similar to those of sputter transport device 100 shown in Figure 13. In 
particular injector assembly 150 as described above is utilized to enhance the 

1 5 material transport process. A primary difference is that a liquid target 604 such 
as liquid-phase aluminum or gallium is provided as a source species. The 
target holder in this embodiment is provided in the form of a cup 606 to contain 
the liquid target material. Preferably, this target holder should be constructed 
from a material suitable for withstanding the heat involved and which will not 

20 contaminate the target material. Candidate materials for target holder 606 
include molybdenum and stainless steel. In one embodiment, a 6" diameter 
molybdenum liquid gallium or aluminum target holder 606 is employed to 
prevent reaction of the holder with a high purity (99.9999%) liquid gallium or 
aluminum source 604. In order to obtain a flat uniform liquid surface of the 

25 gallium or aluminum, sufficient wetting of the gallium or aluminum to the 
molybdenum holder 606 must occur. To this end, grooves can be cut into the 
bottom of target holder 606 to increase its surface area and thereby increase 
its wettability. In addition, a breathing hole connecting the grooves can be 
provided to eliminate any gas trapped under the liquid gallium or aluminum. 

30 Referring now to Figure 23, a sputter transport device, generally 

designated 700, is illustrated according to another embodiment of the present 
invention. Sputter transport device 700 is equipped with a biased containment 
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shield 202 and containment magnets 204, similar to those described in 
reference to Figure 15. A high voltage applied to containment shield 202 will 
focus the sputtered material onto growing substrate or film 132, thereby 
increasing the transport efficiency of Ga or Al to substrate or film 132. 
5 Sputter transport devices 600 and 700 operate as described above. 

Gallium (or aluminum) particles sputtered from the cathode react with atomic 
nitrogen in the cathode magnetic fields. The gallium nitride (or aluminum 
nitride) particles travel through the containment magnetic field to the substrate. 
The quality of growth material is determined by the nucleation and growth at 
1 0 the substrate surface. 

EXAMPLE 1 

An example of a method for manufacturing a GaN single crystal 
columnar layer on a sapphire substrate by sputtering of gallium in a nitrogen 
environment will now be described. Raw materials employed in this method 

1 5 include 99.9999% pure gallium and nitrogen-containing gases such as nitrogen 
or ammonia. The gallium target used to provide the gallium source vapor is 
loaded on a water-cooled magnetron assembly disposed in a vacuum chamber. 
The nitrogen-containing gas used to provide the nitrogen source vapor is 
introduced into the vacuum chamber using mass flow controllers. 

20 A sapphire wafer is cleaned and placed in a wafer platter. The wafer 

platter is loaded into the vacuum chamber and placed in contact with a 
substrate heater assembly. The vacuum chamber is then pumped down to 10" 2 
Torr with a mechanical vacuum pump. A diffusion pump is used to reduce the 
chamber pressure to 1 0" 7 Torr. The sample is then heated to a temperature of 

25 1000 °C in 1 hour. The chamber is baked out to a pressure of 10^ Torr. 
Nitrogen and argon gas are then introduced into the vacuum chamber. The 
total chamber pressure is 1 0mTorr, with an argon partial pressure of 5.5 mTorr 
and a nitrogen partial pressure of 6.5 mTorr. The plasma is ignited and set to a 
power of 500W. The system is held in this configuration for 1 hour. The 

30 plasma is then turned off and the heater is ramped to 25 °C in 5 hours. During 
these stages, a single-crystal GaN columnar structure is formed on the 
sapphire wafer as represented by, for example, columnar array 14 in Figure 1 
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(but disregarding the illustrated buffer or transition layer 16).The gas flow is 
stopped after the crystal has cooled to room temperature. The sapphire wafer 
with the resulting GaN crystal columnar layer epitaxially grown thereon is then 
removed from the chamber. The GaN columnar layer on the sapphire is 2 pm 
5 thick. 

The resulting GaN columnar layer can then be used as a buffer or 
transition layer on which various devices, components, and/or additional layers 
can then be formed. 

EXAMPLE 2 

10 An example of a method for manufacturing a GaN single crystal 

columnar layer on a GaN buffer or transition layer on sapphire by sputtering of 
gallium in a nitrogen environment will now be described. Raw materials 
employed in this method include 99.9999% pure gallium and nitrogen- 
containing gases such as nitrogen or ammonia. The gallium target used to 

15 provide the gallium source vapor is loaded on a water-cooled magnetron 
assembly disposed in a vacuum chamber. The nitrogen-containing gas used to 
provide the nitrogen source vapor is introduced into the vacuum chamber using 
mass flow controllers. 

A sapphire wafer is cleaned and placed in a wafer platter. The wafer 

20 platter is loaded into the vacuum chamber and placed in contact with a 
substrate heater assembly. The vacuum chamber is then pumped down to 1 0' 2 
Torr with a mechanical vacuum pump. A diffusion pump is used to reduce the 
chamber pressure to 1 0" 7 Torr. The sample is then heated to a temperature of 
1000 °C in 1 hour. The chamber is baked out to a pressure of 10~ 6 Torr. 

25 Nitrogen and argon gas are then introduced into the vacuum chamber. The 
total chamber pressure is 1 0mTorr, with an argon partial pressure of 2.5 mTorr 
and a nitrogen partial pressure of 7.5 mTorr. The plasma is turned on at 500W 
for 1 minute. The temperature is then held for 1 minute. At this point, a GaN 
buffer or transition layer is formed on the sapphire wafer as represented by, for 

30 example, intermediate layer 1 6 in Figure 1 . The partial pressure of the argon is 
then set to 5.5 mTorr and the partial pressure of the nitrogen is set to 6.5 
mTorr. The plasma is ignited again and set to a power of 500W. The system is 
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heid in this configuration for 1 hour. The plasma is then turned off and the 
heater is ramped to 25 °C in 5 hours. During these stages, a single-crystal 
GaN columnar structure is formed on the buffer or transition layer as 
represented by, for example, columnar array 14 in Figure 1. The gas flow is 
5 stopped after the crystal has cooled to room temperature. The sapphire wafer 
with the resulting GaN crystal columnar layer epitaxially grown thereon is then 
removed from the chamber. The GaN columnar layer on the sapphire is 2 pm 
thick. 

The resulting GaN columnar layer can then be used as a buffer or 
1 0 transition layer on which various devices, components, and/or additional layers 
can then be formed. 

EXAMPLE 3 

An example of a method for manufacturing a GaN single crystal layer on 
a GaN columnar layer by sputtering of gallium in a nitrogen environment will 

1 5 now be described. Raw materials employed in this method include 99.9999% 
pure gallium and nitrogen-containing gases such as nitrogen or ammonia. The 
gallium target used to provide the gallium source vapor is loaded on a water- 
cooled magnetron assembly disposed in a vacuum chamber. The nitrogen- 
containing gas used to provide the nitrogen source vapor is introduced into the 

20 vacuum chamber using mass flow controllers. 

A sapphire wafer is cleaned and placed in a wafer platter. The wafer 
platter is loaded into the vacuum chamber and placed in contact with a 
substrate heater assembly. The vacuum chamber is then pumped down to 1 0" 2 
Torr with a mechanical vacuum pump. A diffusion pump is used to reduce the 

25 chamber pressure to 1 0" 7 Torr. The sample is then heated to a temperature of 
1000 °C in 1 hour. The chamber is baked out to a pressure of 10* 6 Torr. 
Nitrogen and argon gas are then introduced into the vacuum chamber. The 
total chamber pressure is 1 0mTorr, with an argon partial pressure of 2.5 mTorr 
and a nitrogen partial pressure of 7.5 mTorr. The plasma is turned on at 500W 

30 for 1 minute. The temperature is then held for 1 minute. The partial pressure 
of the argon.is then set to 5.5 mTorr and the partial pressure of the nitrogen is 
set to 6.5 mTorr. The plasma is turned on at 500W for 1 hour. The total 
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chamber pressure is then set back to 10 mTorr, with an argon partial pressure 
of 2.5 mTorr and a nitrogen partial pressure of 7.5 mTorr. The magnetron 
plasma is ignited and set to a power of 5kW. The system is held in this 
configuration for 12 hours. The plasma is then turned off and the heater is 
5 ramped to 25 °C in 5 hours. The gas flow is stopped after the crystal has 
cooled to room temperature. The sapphire wafer with the resulting GaN crystal 
columnar layer epitaxially grown thereon is then removed from the chamber. 
The GaN layer on the columnar layer is 300 pm thick and 2 inches in diameter. 
The GaN layer can then be released from the sapphire template and 

10 prepared for use as a substrate. The sapphire template is removed from the 
GaN layer using a known removal technique such as, for example, by using a 
mechanical lapping machine. The resulting GaN wafer has a thickness of 
approximately 200 pm and a diameter of approximately of 2 inches as 
represented by, for example, article 40 in Figure 5. The GaN wafer is then 

1 5 chemically or mechanically polished by known techniques. The polishing step 
is followed by a dry etching procedure to produce a surface on the GaN wafer 
receptive to a thin film of GaN. An epitaxial layer of GaN is then deposited on 
the prepared surface of the GaN wafer to a typical thickness of approximately 1 
to 2 microns by an appropriate process such as, for example, sputtering, MBE, 

20 MOCVD , or HVPE. Various devices, components, and/or additional layers can 
then be formed on the prepared GaN substrate. 

EXAMPLE 4 

An example of a method for manufacturing a GaN single crystal in boule 
form on a sapphire substrate by sputtering of gallium in a nitrogen environment 

25 will now be described. Raw materials employed in this method include 
99.9999% pure gallium and nitrogen-containing gases such as nitrogen or 
ammonia. The gallium target used to provide the gallium source vapor is 
loaded on a water-cooled magnetron assembly disposed in a vacuum chamber. 
The nitrogen-containing gas used to provide the nitrogen source vapor is 

30 introduced into the vacuum chamber using mass flow controllers. 

A sapphire wafer is cleaned and placed in a wafer platter. The wafer 
platter is loaded into the vacuum chamber and placed in contact with a 
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substrate heater assembly. The vacuum chamber is then pumped down to 1 0" 2 
Torr with a mechanical vacuum pump. A diffusion pump is used to reduce the 
chamber pressure to 10" 7 Torr. The sample is then heated to a temperature of 
1 000 °C in 1 hour. The chamber is baked out to a pressure of 1 0" 6 Torr. Argon 
5 gas is introduced into the vacuum chamber through the non-thermionic 
electron/plasma injector assembly described hereinabove. Nitrogen gas is 
introduced into the vacuum chamber near the sapphire wafer substrate. The 
total chamber pressure is 1 0mTorr, with an argon partial pressure of 2.5 mTorr 
and a nitrogen partial pressure of 7.5 mTorr. The plasma is turned on at 500W 

10 for 1 minute. The temperature is then held for 1 minute. The partial pressure 
of the argon is then set to 5.5 mTorr and the partial pressure of the nitrogen is 
set to 6.5 mTorr. The plasma is turned on at 500W for 1 hour. The total 
chamber pressure is then set back to 1 0 mTorr, with an argon partial pressure 
of 2.5 mTorr and a nitrogen partial pressure of 7.5 mTorr. A voltage of 1 00V is 

1 5 applied to the containment shield described hereinabove, and the containment 
magnets (also described hereinabove) are turned on. The magnetron plasma 
is ignited and set to a power of 10kW. The plasma supplied by the injector 
assembly is ignited and set to a power of 5kW. The system is held in this 
configuration for 50 hours. The plasma is then turned off and the heater is 

20 ramped to 25 °C in 5 hours. The gas flow is stopped after the crystal has 
cooled to room temperature. The sapphire waferwith the resulting GaN crystal 
columnar layer epitaxially grown thereon is then removed from the chamber. 
The GaN layer on the columnar layer is 30 mm thick and 2 inches in diameter. 
One or more device-ready substrates can then be prepared from the 

25 GaN boule. The GaN boule is cut using a known technique such as, for 
example, by using an inside diameter wafer saw, thereby producing a GaN 
wafer. The wafer has a thickness of approximately 500 pm and a diameter of 
approximately 2 inches. The GaN wafer is then chemically or mechanically 
polished by known techniques. The polishing step is followed by a dry etching 

30 procedure to produce a surface on the GaN wafer receptive to a thin film of 
GaN. An epitaxial layer of GaN is then deposited on the prepared surface of 
the GaN wafer to a typical thickness of approximately 1 to 2 microns by an 
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appropriate process such as, for example, sputtering, MBE, MOCVD , or 
HVPE. Various devices, components, and/or additional layers can then be 
formed on the prepared GaN substrate. 

It will be understood that various details of the invention may be 
5 changed without departing from the scope of the invention. Furthermore, the 
foregoing description is for the purpose of illustration only, and not for the 
purpose of limitation— the invention being defined by the claims. 
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CLAiMS 



What is claimed is: 



1 . A method for producing single-crystal M n, N columns comprising 
the steps of: 

5 (a) providing a template material having an epitaxial-initiating 

growth surface; 

(b) sputtering a Group III metal target in a reaction chamber 
to produce a Group III metal source vapor; 

(c) introducing a nitrogen-containing gas into the reaction 
10 chamber; 

(d) adjusting the IMA/ ratio of Group III metal source vapor to 
nitrogen to create a Group III metal-rich environment 
within the reaction chamber conducive to preferential 
column growth; 

15 (e) combining the Group III metal source vapor with the 

nitrogen-containing gas to produce a reactant vapor 
species comprising Group III metal and nitrogen; and 
(f) depositing the reactant vapor species on the growth 
surface to produce single-crystal M m N columns thereon. 
20 2. The method according to claim 1 wherein the template material 

comprises a component selected from the group consisting of 
sapphire, silicon, silicon carbide, diamond, lithium gallate, lithium 
aluminate, ScAIMg0 4 , zinc oxide, spinel, magnesium oxide, 
gallium arsenide, glass, tungsten, molybdenum, hafnium, 
25 hafnium nitride, zirconium, zirconium nitride, carbon, silicon-on- 

insulator, carbonized silicon-on-insulator, carbonized silicon-on- 
silicon, and gallium nitride. 
3. The method according to claim 1 wherein the template material 
is selected from the group consisting of conductive substrates, 
30 insulating substrates, semi-insulating substrates, twist-bonded 

substrates, compliant substrates, or patterned substrates. 
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4. The method according to claim 1 wherein the template material 
has a thermal coefficient of expansion substantially equal to the 
M M, N columns. 

5. The method according to claim 1 wherein the template material 
5 has a diameter of approximately 0.5 inch or greater. 

6. The method according to claim 1 wherein the Group III metal 
target comprises a component selected from the group consisting 
of gallium, indium, aluminum, and binary, ternary, and quaternary 
alloys and compounds thereof. 

1 0 7. The method according to claim 1 wherein the nitrogen-containing 

gas includes species selected from the group consisting of 
diatomic nitrogen, atomic nitrogen, nitrogen ions, partially ionized 
nitrogen, ammonia, nitrogen-containing compounds, and 
combinations thereof. 

15 8. The method according to claim 1 wherein the step of adjusting 

the lll/V ratio comprises adjusting the nitrogen concentration in 
the reaction chamber. 

9. The method according to claim 1 wherein the step of adjusting 
the ill/V ratio comprises adjusting the voltage applied to the metal 

20 target. 

10. The method according to claim 1 comprising the step of 
introducing a background gas into the reaction chamber, wherein 
the Ill/V ratio is adjusted by adjusting the concentration of the 
background gas. 

25 11. The method according to claim 1 wherein the growth temperature 

is set within a range of approximately 400 °C to approximately 
1200 °C. 

12. The method according to claim 11 wherein the growth 
temperature is set within a range of approximately 600 °C to 

30 approximately 1 000 °C. 

13. The method according to claim 1 wherein the reactant vapor 
species is deposited directly on the template material. 
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14. The method according to claim 1 comprising the step of 
depositing an intermediate layer on the template material prior to 
depositing the reactant vapor species. 

1 5. The method according to claim 14 wherein the intermediate layer 
5 comprises a material selected from the group consisting of GaN, 

AIN, InN, ZnO, SiC, Si, and alloys thereof. 

16. The method according to claim 14 wherein the intermediate layer 
comprises Si0 2 , Si x N y , diamond, lithium gallate, lithium 
aluminate, zinc oxide, spinel, magnesium oxide, gallium arsenide, 

10 tungsten, molybdenum, hafnium, hafnium nitride, zirconium, 

zirconium nitride, and carbon. 

1 7. The method according to claim 1 4 wherein the intermediate layer 
is deposited by a technique selected from the group consisting of 
physical vapor deposition, sputtering, evaporation, sublimation, 

1 5 molecular beam epitaxy, atmospheric chemical vapor deposition, 

low pressure chemical vapor deposition, plasma-enhanced 
chemical vapor deposition, metallorganic chemical vapor 
deposition, and hydride vapor phase epitaxy. 

18. The method according to claim 14 wherein the M ln N columns 
20 have an average thickness greater than the intermediate layer. 

19. The method according to claim 14 wherein the M ,n N columns 
have a defect density lower than the intermediate layer and the 
template material. 

20. The method according to claim 1 comprising the step of doping 
25 the M in N columns. 

21 . The method according to claim 20 wherein more than one type of 
dopant is added to the M m N columns. 

22. The method according to claim 1 wherein the M U, N columns are 
formed at a growth rate of approximately 1 micron/hour or 

30 greater. 

23. The method according to claim 1 wherein the M ,n N columns are 
provided in a form selected from the group consisting of intrinsic 
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M U, N, doped M m N, and M ,l, N alloys and compounds containing 
greater than 50% M m and N. 
24. The method according to claim 1 wherein the M IM N columns have 
an epitaxial relationship with the template material. 
5 25. The method according to claim 1 wherein the M I!, N columns have 

a density of approximately 25% to approximately 90% on the 
template material. 

26. The method according to claim 1 wherein the M n, N columns have 
an average lateral dimension ranging from approximately 0.05 

1 0 micron to approximately 5 microns. 

27. The method according to claim 1 wherein the M U, N columns have 
an average height of approximately 0.5 micron or greater. 

28. The method according to claim 1 wherein the M !I, N columns have 
a defect density of approximately 10 8 defects per cm 2 or less. 

15 29. The method according to claim 28 wherein the M m N columns 

have a defect density of approximately 10 4 defects per cm 2 or 
less. 

30. The method according to claim 1 wherein the M IM N columns have 
a defect density lower than the template material. 

20 31. The method according to claim 1 comprising the steps of 

readjusting the lll/V ratio to create an environment within the 
reaction chamber conducive to columnar epitaxial overgrowth, 
and continuing to deposit the reactant species on the growing 
M M, N columns, whereby uppermost regions of the M m N columns 

25 coalesce and grow to form a substantially continuous, single- 

crystal M n, N layer. 
32. The method according to claim 31 wherein the step of readjusting 
the lll/V ratio comprises readjusting the nitrogen concentration in 
the reaction chamber. 

30 33. The method according to claim 31 wherein the M n, N layer has a 

defect density equal to or lower than the M m N columns. 



WO 02/44444 



PCTAJS01/44992 



-47- 

34. The method according to claim 31 wherein the M ni N layer has a 
defect density of approximately 10 8 defects per cm 2 or less. 

35. The method according to claim 34 wherein the M n, N layer has a 
defect density of approximately 10 4 defects per cm 2 or less. 

5 36. The method according to claim 31 comprising the step of using 

the M in N layer as a seed layer for the growth of a bulk, single- 
crystal M m N article. 
37. The method according to claim 36 wherein the M m N article has 
the same composition as the M M, N columns. 
1 0 38. The method according to claim 36 wherein the M n, N article has a 

different composition than the M !,I N columns. 

39. The method according to claim 36 comprising the step of growing 
the M m N article by a technique selected from the group consisting 
of physical vapor deposition, sputtering, evaporation, sublimation, 

1 5 molecular beam epitaxy, atmospheric chemical vapor deposition, 

low pressure chemical vapor deposition, plasma-enhanced 
chemical vapor deposition, metallorganic chemical vapor 
deposition, and hydride vapor phase epitaxy. 

40. A single-crystal M m N column produced according to the method 
20 of claim 1 . 

41 . The single-crystal M n, N column according to claim 40 wherein the 
column has a height of approximately 0.5 micron or greater and a 
lateral dimension of approximately 0.05 micron or greater. 

42. The single-crystal m'Yj column according to claim 40 wherein the 
25 column has a defect density of approximately 10 8 defects per 

cm 2 or less. 



43. The single-crystal M ,n N column according to claim 40 wherein the 
column has 
cm 2 or less. 
A method fc 
the steps of: 



column has a defect density of approximately 10 4 defects per 



30 44. A method for producing a single-crystal M n, N article comprising 
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(a) providing a template material having an epitaxial-initiating 
growth surface; 

(b) sputtering a Group III metal target in a reaction chamber 
to produce a Group III metal source vapor; 

(c) introducing a nitrogen-containing gas into the reaction 
chamber; 

(d) adjusting the ill/V ratio of Group III metal source vapor to 
nitrogen-containing gas to create a Group III metal-rich 
environment within the reaction chamber conducive to 
preferential column growth; 

(e) combining the Group 111 metal source vapor with the 
nitrogen-containing gas to produce a reactant vapor 
species comprising Group III metal and nitrogen; 

(f) depositing the reactant vapor species on the growth 
surface to produce single-crystal M ln N columns thereon; 
and 

(g) growing a bulk, single-crystal M m N article on the M m N 
columns. 

The method according to claim 44 wherein the M ,ll N article is 
grown by a technique selected from the group consisting of 
physical vapor deposition, sputtering, evaporation, sublimation, 
molecular beam epitaxy, atmospheric chemical vapor deposition, 
low pressure chemical vapor deposition, plasma-enhanced 
chemical vapor deposition, metallorganic chemical vapor 
deposition, and hydride vapor phase epitaxy. 
The method according to claim 44 wherein the M ,n N article is 
grown in a form selected from the group consisting of intrinsic 
M m N, doped M n, N, and M ,l, N alloys and compounds containing 
greater than 50% M ,n and N. 

The method according to claim 44 wherein the M lll N article is 
grown at a growth rate of approximately 10 microns/hour or 
greater. 
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48. The method according to claim 44 comprising the step of rotating 
the M lll N article as the M m N article grows. 

49. The method according to claim 44 wherein the M ,M N article has a 
thickness ranging from approximately 1 micron to greater than 1 

5 mm. 

50. The method according to claim 44 wherein the M MI N article has a 
diameter ranging from approximately 0.5 inch to approximately 
1 2 inches. 

51 . The method according to claim 44 wherein the M n, N article has 
10 the same composition as the M m N columns. 

52. The method according to claim 44 wherein the M m N article has a 
different composition than the M H, N columns. 

53. The method according to claim 44 comprising the step of 
releasing the M m N article to provide a free-standing, single-crystal 

15 M m N article. 

54. The method according to claim 53 wherein the M ,n N article is 
released by performing a technique selected from the group 
consisting of polishing, chemomechanical polishing, laser- 
induced liftoff, cleaving, wet etching, and dry etching. 

20 55. The method according to claim 44 comprising the step of cutting 

a wafer from the M ,n N article. 

56. The method according to claim 55 comprising the step of 
preparing a surface of the wafer for epitaxial growth thereon. 

57. The method according to claim 56 wherein the step of preparing 
25 the surface of the wafer comprises polishing the surface of the 

wafer. 

58. The method according to claim 55 comprising the step of 
depositing an epitaxial layer on the wafer. 

59. The method according to claim 44 comprising the step of forming 
30 a device on the M ,n N article. 

60. A bulk, single-crystal M m N article produced according to the 
method of claim 44. 
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61 . A single-crystal M lM N article produced according to the method of 
claim 44 wherein the article has a diameter of approximately 0.5 
inch to approximately 1 2 inches and a thickness of approximately 
50 microns or greater. 
5 62. A single-crystal M IU N article produced according to the method of 

claim 44, wherein the article is in wafer form having a thickness 
ranging from approximately 50 microns to approximately 1 mm. 

63. A single-crystal M n, N article produced according to the method of 
claim 44, wherein the article is in boule form having a diameter of 

1 0 approximately 2 inches or greater and a thickness ranging from 

approximately 1 mm to greater than approximately 100 mm. 

64. A single-crystal M m N article produced according to the method of 
claim 44 at a growth rate greater than approximately 10 
microns/hour. 

15 65. A method for producing a single-crystal M m N article comprising 

the steps of: 

(a) providing a template material having an epitaxial-initiating 
growth surface; 

(b) sputtering a Group III metal target in a plasma-enhanced 
20 reaction chamber to produce a Group III metal source 

vapor; 

(c) introducing a nitrogen-containing gas into the reaction 
chamber; 

(d) adjusting the Ill/V ratio of Group III metal source vapor to 
25 nitrogen-containing gas to create a Group III metal-rich 

environment within the reaction chamber conducive to 
preferential column growth; 

(e) combining the Group III metal source vapor with the 
nitrogen-containing gas to produce a reactant vapor 

30 species comprising Group III metal and nitrogen; 
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(f) depositing the reactant vapor species on the growth 
surface to produce single-crystal M m N columns thereon; 
and 

(g) readjusting the lll/V ratio to create an environment within 
the reaction chamber conducive to columnar epitaxial 
overgrowth; 

(h) continuing to deposit the reactant species on the growing 
M m N columns, whereby uppermost regions of the M m N 
columns coalesce and grow to form a substantially 
continuous, single-crystal M m N layer; and 

(i) growing a bulk, single-crystal M I!1 N article on the M l,l N 
layer. 

The method according to claim 65 wherein the step of readjusting 
the IH/V ratio comprises readjusting the nitrogen concentration in 
the reaction chamber. 

The method according to claim 65 wherein the M in N article is 
grown by a technique selected from the group consisting of 
sputtering, molecular beam epitaxy, atmospheric chemical vapor 
deposition, low pressure chemical vapor deposition, plasma- 
enhanced chemical vapor deposition, metaliorganic chemical 
vapor deposition, and hydride vapor phase epitaxy. 
The method according to claim 65 wherein the M m N article is 
grown in a form selected from the group consisting of intrinsic 
M m N, doped M ,M N, and M MI N alloys and compounds containing 
greater than 50% M m and N. 

The method according to claim 65 wherein the M in N article is 
grown at a growth rate of approximately 10 microns/hour or 
greater. 

The method according to claim 65 comprising the step of rotating 
the M in N article as the M n, N article grows. 
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71 . The method according to claim 65 wherein the M m N article has a 
thickness ranging from approximately 1 micron to approximately 
1 mm. 

72. The method according to claim 65 wherein the M I!I N article has a 
5 diameter ranging from approximately 0.5 inch to approximately 

12 inches. 

73. The method according to claim 65 wherein the M ,l, N article has 
the same composition as the M U, N columns. 

74. The method according to claim 65 wherein the M M, N article has a 
10 different composition than the M n, N columns. 

75. The method according to claim 65 comprising the step of 
releasing the M m N article to provide a free-standing, single-crystal 
M ,M N article. 

76. The method according to claim 75 wherein the M n, N article is 
15 released by performing a technique selected from the group 

consisting of polishing, chemomechanical polishing, laser- 
induced liftoff, wet etching, and dry etching. 

77. The method according to claim 65 comprising the step of cutting 
a wafer from the M m N article. 

20 78. The method according to claim 77 comprising the step of 

preparing a surface of the wafer for epitaxial growth thereon. 
79. The method according to claim 78 wherein the step of preparing 
the surface of the wafer comprises polishing the surface of the 
wafer. 

25 80. The method according to claim 77 comprising the step of 

depositing an epitaxial layer on the wafer. 

81 . The method according to claim 65 comprising the step of forming 
a device on the M ll, N article. 

82. A bulk, single-crystal M IU N article produced according to the 
30 method of claim 65. 

83. A single-crystal M"'N article produced according to the method of 
claim 65 wherein the article has a diameter of approximately 0.5 



WO 02/44444 



PCT/US01/44992 



-53- 
inch to approximately 1 2 inches and a thickness of approximately 
50 microns or greater. 

84. A single-crystal M m N article produced according to the method of 
claim 65, wherein the article is in wafer form having a thickness 

5 ranging from approximately 50 microns to approximately 1 mm. 

85. A single-crystal M n, N article produced according to the method of 
claim 65, wherein the article is in boule form having a diameter of 
approximately 2 inches or greater and a thickness ranging from 
approximately 1 mm to greater than approximately 100 mm. 

10 86. A single-crystal M M, N article produced according to the method of 

claim 65 at a growth rate greater than approximately 10 
microns/hour. 

87. A method for producing single-crystal M n, N columns comprising 
the steps of: 

1 5 (a) providing a template material having an epitaxial-initiating 

growth surface; 

(b) using a sputtering apparatus comprising a non-thermionic 
electron/plasma injector assembly disposed in a reaction 
chamber to produce a Group III metal source vapor from a 

20 Group III metal target; 

(c) introducing a nitrogen-containing gas into the reaction 
chamber; 

(d) adjusting the lll/V ratio of Group III metal source vapor to 
nitrogen to create a Group III metal-rich environment 

25 within the reaction chamber conducive to preferential 

column growth; 

(e) reacting the Group III metal source vapor with the 
nitrogen-containing gas to produce a reactant vapor 
species comprising Group III metal and nitrogen; and 

30 (f) depositing the reactant vapor species on the growth 

surface to produce single-crystal M U, N columns thereon. 
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88. The method according to claim 87 wherein the injector assembly 
comprises a plurality of hollow cathode injectors disposed in fluid 
communication with a gas source, each injector including an 
orifice communicating with a sputtering chamber. 
5 89. The method according to claim 87 wherein the injector assembly 

comprises: 

(a) a main body having a generally annular orientation with 
respect to a central axis and including a process gas 
section and a cooling section, the process gas section 

10 defining a process gas chamber and the cooling section 

defining a heat transfer fluid reservoir; and 

(b) a plurality of gas nozzles removably disposed in the main 
body in a radial orientation with respect to the central axis 
and in heat transferring relation to the heat transfer fluid 

1 5 reservoir, each gas nozzle providing fluid communication 

between the process gas chamber and a region exterior to 
the main body. 

90. The method according to claim 87 comprising the step of growing 
a bulk, single-crystal M m N article on the M H, N columns. 
20 91. The method according to claim 90 comprising the step of 

removing the template material, thereby providing a free- 
standing, single-crystal M m N article. 
92. The method according to claim 90 wherein the step of growing 
the M m N article comprises the steps of: 
25 (a) readjusting the lll/V ratio to create an environment within 

the reaction chamber conducive to columnar epitaxial 
overgrowth; 

(b) continuing to deposit the reactant species on the growing 
M ni N columns, whereby uppermost regions of the M U, N 

30 columns coalesce and grow to form a substantially 

continuous, single-crystal M ,n N layer; and 

(c) growing the M UI N article on the M m N layer. 
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The method according to claim 92 wherein the step of readjusting 
the II l/V ratio comprises increasing the nitrogen concentration in 
the reaction chamber. 
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